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Liquid hydrogen is a dense Bose fluid whose equilibrium properties are both calculable from first
principles using various theoretical approaches and of interest for the understanding of a wide range
of questions in many body physics. Unfortunately, the pair correlation function g(r) inferred from
neutron scattering measurements of the differential cross section dσ
dΩ
from different measurements
reported in the literature are inconsistent. We have measured the energy dependence of the total
cross section and the scattering cross section for slow neutrons with energies between 0.43 meV
and 16.1 meV on liquid hydrogen at 15.6 K (which is dominated by the parahydrogen component)
using neutron transmission measurements on the hydrogen target of the NPDGamma collaboration
at the Spallation Neutron Source at Oak Ridge National Laboratory. The relationship between the
neutron transmission measurement we perform and the total cross section is unambiguous, and the
energy range accesses length scales where the pair correlation function is rapidly varying. At 1 meV
our measurement is a factor of 3 below the data from previous work. We present evidence that these
previous measurements of the hydrogen cross section, which assumed that the equilibrium value for
the ratio of orthohydrogen and parahydrogen has been reached in the target liquid, were in fact
contaminated with an extra non-equilibrium component of orthohydrogen. Liquid parahydrogen is
also a widely-used neutron moderator medium, and an accurate knowledge of its slow neutron cross
section is essential for the design and optimization of intense slow neutron sources. We describe our
measurements and compare them with previous work.
PACS numbers: 28.20.Cz, 28.20.Ka, 28.20.Gd
The physics of liquid hydrogen is of fundamental im-
portance in quantum many body theory. It is one of
the few examples of a dense Bose fluid available for ex-
perimental investigation, and it exhibits behavior which
interpolates between dense classical liquids and quantum
liquids with Bose condensation such as superfluid he-
lium [1]. Our ability to understand the physics of this
liquid at experimentally-accessible densities and temper-
atures is important for scientists trying to extrapolate
this understanding to predict the properties of the inte-
riors of heavy planets like Jupiter [2]. Reliable compu-
tational extrapolation to these conditions is thought to
require accurate determination of thermodynamic prop-
erties of condensed hydrogen at the 1% level [3]. Metallic
hydrogen is also a model system for understanding the
metal-insulator transition [4–13]. Accurate calculations
of the properties of liquid hydrogen using theoretical ap-
proaches such as Path Integral Monte Carlo (PIMC) and
Correlated Density Matrix (CDM) techniques are avail-
able [14–21] based on well-established input on hydrogen
intermolecular potentials such as the Silvera-Goldman
potential [22] and the NWB intermolecular potential [23].
It is therefore disturbing that such a fundamental
structural property of liquid hydrogen as the pair corre-
lation function g (and its Fourier transform partner the
static structure factor S(Q)) is not yet well determined
experimentally. The small electron density makes a mea-
surement using X-rays somewhat difficult. Data on neu-
tron scattering from molecular hydrogen using slow neu-
trons has been used in the past to help determine g. In
the slow neutron regime the interference scattering from
neighboring molecules in the liquid probes a critical re-
2gion of length scales where the pair correlation function
g is rapidly varying. Unfortunately, neutron scattering
experiments which measure the differential cross section
dσ
dΩ
and attempt to extract S(Q) [24–28] are in disagree-
ment. In neutron measurements, the light mass of the
hydrogen gives a larger than usual inelastic contribution
to the scattering, and large corrections to the scattering
data need to be applied in an attempt to extract g.
In this work we present a new measurement of the
energy dependence of the total cross section (and, after
subtraction of the well-known neutron-proton absorption
cross section, the total scattering cross section) in the
slow neutron regime using neutrons with energies be-
tween 0.43 meV to 16.1 meV in liquid hydrogen at a
temperature of 15.6 K±0.6 K. This measurement was
conducted at the Spallation Neutron Source (SNS) at
Oak Ridge National Laboratory using a 16-liter liquid
hydrogen target [29] operated on the Fundamental Neu-
tron Physics Beamline [30] (FnPB) by the NPDGamma
collaboration. One of the advantages of the sensitive
transmission measurement as a function of neutron en-
ergy which we report here is that there is no ambiguity in
the extraction of the energy dependence of the total cross
section σ(E). It should therefore be possible to make a
more robust comparison of this data with theory. Recall
that molecular hydrogen has two spin states, labeled or-
thohydrogen (J = odd) and parahydrogen (J = even).
The lowest orthohydrogen state (J = 1) lies 14.5 meV
above the lowest parahydrogen state (J = 0). The spin
singlet state of the protons in the parahydrogen molecule
combined with the measured spin dependence of s-wave
neutron-proton scattering amplitudes conspire to greatly
suppress the total scattering cross section for neutrons
on parahydrogen molecules by more than one order of
magnitude relative to that from the hydrogen atom. The
total scattering cross section on orthohydrogen is approx-
imately 50 times higher than on parahydrogen (Fig. 1)
because the destructive interference between the atoms
is absent. A comparison of our results with previous
data [31][32][27] indicates that the decrease of the to-
tal scattering cross section in liquid parahydrogen in the
slow neutron regime is much more rapid than previously
realized.
In addition to the usefulness of this new data for ex-
traction of the pair correlation function in liquid parahy-
drogen, our results are also of immediate practical inter-
est for slow neutron source development. The successful
development of intense slow neutron sources combined
with the increasing phase space acceptance of neutron
optical components has enabled a dramatic expansion of
the scientific applications of neutron scattering to encom-
pass many fields in science and technology. The broad ap-
plicability of quantitative information that slow neutron
scattering can provide on the internal structure and dy-
namics of condensed media has motivated the construc-
tion of several new neutron scattering facilities over the
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FIG. 1. Parahydrogen and orthohydrogen scattering cross
sections at 20 K from ENDF-VII [33] and the absorption cross
section [34].
last decade. The efficiency of the moderating medium
which accepts the relatively high energy neutrons liber-
ated from the nucleus and cools them to the slow neutron
energy range below 25 meV determines the phase space
density of the neutron beams. New results on physics rel-
evant to the moderation process are therefore of interest
to a very broad range of the scientific community.
Many intense neutron sources use liquid hydrogen as
a neutron moderator medium. The near-equality of the
neutron and proton mass coupled with the anomalously
large s-wave neutron-proton scattering amplitude allow
a hydrogen-rich medium to both efficiently lower the in-
cident neutron energy through collisions and also main-
tain a small neutron mean free path to keep the neutron
phase space density high at the source. In the slow neu-
tron regime, however, the neutron scattering cross sec-
tion and therefore the mean free path is sensitive to the
interference of the scattering amplitudes from neighbor-
ing atoms. A neutron that scatters from orthohydro-
gen will be upscattered and gain 14.5 meV, reducing the
slow neutron intensity below 14.5 meV from an ortho-
hydrogen rich moderator. Consequently, many studies
have shown that the slow neutron intensity from a liq-
uid hydrogen moderator can be greatly increased if the
molecules are maintained in the parahydrogen molecu-
lar state [35][36][37]. While absorption ultimately limits
the intensity for energies below 2 meV, it is the rela-
tive concentrations of orthohydrogen and parahydrogen
that is the lever arm available for optimizing the proper-
ties of slow neutron moderators. Our new results, which
show that the neutron scattering cross section from liquid
parahydrogen seems to have been overestimated in pre-
vious work by as much as a factor of 3 at an energy of 1
meV, is therefore of immediate interest for the designers
of bright slow neutron sources.
Differences of the orthohydrogen fraction from that
corresponding to thermodynamic equilibrium are an ob-
vious culprit for the disagreement among different mea-
3surements of neutron-parahydrogen scattering. Given
the huge orthohydrogen neutron cross section combined
with the well-known difficulty of achieving the propor-
tions of parahydrogen and orthohydrogen in the liquid
corresponding to thermodynamic equilibrium, one might
be concerned about how closely the nominally liquid
parahydrogen samples employed in previous measure-
ments have approached the conditions of thermodynamic
equilibrium. Our liquid hydrogen target possessed not
only an ortho-para convertor but also a thermosyphon
mechanism which forced all of the liquid to pass through
the catalyst many times before the neutron transmission
measurements were conducted and at a slow but con-
tinuous rate during the measurement. We can take the
functional form of our measured neutron cross section
as a function of neutron energy on liquid parahydrogen
and reproduce previous cross section data by adding to
it an extra component of orthohydrogen scattering us-
ing the measured neutron energy dependence of scatter-
ing on orthohydrogen. This result strongly suggests to
us that the nominally liquid parahydrogen samples used
in previous total cross section measurements in fact pos-
sessed higher residual orthohydrogen contamination than
expected based on thermodynamic equilibrium.
Figure 2 shows the experimental setup for the trans-
mission measurement on the FnPB beamline at the
SNS. The cross sectional area of the neutron beam is
12×10 cm2 at the exit of the neutron guide. Neutrons
then pass through the normalization monitor, a multi-
wire proportional counter [38] with a gas mixture of 3He
(15.1 Torr) and N2 (750 Torr) located 15.24 m ± 0.12 m
from the moderator, and are incident on the 16 liter liquid
hydrogen target [29] centered 17.6 m from the moderator.
Roughly 60% of the neutron beam is captured on the hy-
drogen in the target with the 2.2 MeV capture gammas
relevant to the NPDGamma experiment detected by 48
cesium iodide crystals. The effective length of liquid hy-
drogen covered by the neutron beam cross sectional area
including beam divergence is 30.065 cm ± 0.005 cm when
cold. The transmitted neutrons exit the downstream end
of the target vessel through a 2.5 cm diameter aperture
in the 6Li-rich neutron absorber surrounding the target.
The transmitted neutron intensity is measured in a 3He
plate ion chamber [39] located 3.44 m ± 0.02 m from
the normalization monitor. The charge produced in the
monitors is amplified by current-voltage amplifiers [40]
with a 10 kHz bandwidth.
The data acquisition system records data in 0.4 ms in-
crements. In order to avoid contamination from overlap-
ping neutron pulses and to increase the dynamic range of
neutron energies for the transmission measurement, data
were taken with the two beamline choppers parked open
while the SNS was operating at 10 Hz duty cycle rather
than the normal 60 Hz.
The target vessel is initially filled with hydrogen gas,
corresponding to 3 orthohydrogen molecules per parahy-
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FIG. 2. Experimental setup showing the cesium iodide detec-
tor array, liquid hydrogen target, and beam monitors
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FIG. 3. Diagram of circulation loop inside the hydrogen
target system. Evaporated hydrogen is re-condensed and is
forced to flow through the ortho-para convertor (OPC) at a
rate of a few millimoles per second. T3, T7, T8, and T10
determine the liquid hydrogen bulk temperature. T2 and T5
determine the temperature of the catalyst in the OPC.
drogen molecule from equipartition. The equilibrium
parahydrogen concentration increases with decreasing
temperature [41]. The slow natural conversion to parahy-
drogen is accelerated by circulation of the liquid through
150 mL of hydrous iron (III) oxide [42] 30 - 50 mesh pow-
der catalyst in the ortho-para converter (OPC) [43] in the
NPDGamma target loop (Fig. 3). The neutron transmis-
sion increases with time as hydrogen circulates through
the catalyst until a steady-state condition is reached. Fit-
ting the transmission for 3.42 meV neutrons to an ex-
ponential as a function of time (Fig. 4) indicates that
the parahydrogen concentration in the main target ves-
sel approaches saturation. This exponential approach to
the steady-state condition implies that the conversion is
dominated by the first order processes in the OPC as
liquid hydrogen circulates through the catalyst.
The conversion process shown in figure 4 has reached
steady-state, where the parahydrogen concentration is
near the thermal equilibrium value defined by the tem-
perature of the OPC. The average temperature of the
OPC was 15.4 K±0.5 K, which corresponds to a ther-
mal equilibrium parahydrogen concentration of 0.99985.
A small amount of para-to-ortho conversion may take
4place in the liquid in the main vessel, on the walls of the
vessel, or the walls of the circulation loop that prevents
reaching absolute thermal equilibrium. Since para-to-
ortho conversion is known to be a very slow process it is
not expected to limit the ortho-para ratio in the liquid
hydrogen, and the liquid hydrogen is expected to be in
thermal equilibrium with the catalyst. However, it was
not possible to independently confirm the parahydrogen
concentration in this system.
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FIG. 4. Observed ortho-para conversion over time as a frac-
tion of the asymptotic limit for 3.42 meV neutrons shortly
after filling the target, with a time constant of approximately
1 day. Residuals from the exponential fit are shown at bot-
tom.
Two different measurements were required in order to
measure the empty target and full target transmissions.
The full target measurement was performed over 8 hours
with the target vessel at 15.6 K after the target had been
in steady-state operation for 4 weeks, which corresponds
to 30 conversion time constants. The empty target mea-
surement was performed 2 weeks later with the target
vessel at 16.3 K in order to cancel the temperature de-
pendence of scattering from the aluminum target vessel.
Between these two measurements, the moderator viewed
by the beamline was emptied and refilled with fresh liq-
uid hydrogen, which led to a small change in the moder-
ated neutron spectrum between the two measurements.
A neutron energy dependent correction was applied to
the transmission monitor signals using the ratio of the
normalization monitor signals to account for this system-
atic effect. For each neutron pulse, the signals in each
monitor are normalized to the per-pulse beam power by
integrating the normalization monitor over peak signal
range.
There is not a direct correspondence between time of
flight bins in each monitor due to time of flight broad-
ening. The normalization monitor signal is fit to a cubic
spline in order to interpolate for spectrum normalization.
The sharp dips in the pulse shapes in figure 5 are due to
Bragg scattering on aluminum windows along the path
of the neutron beam. These dips are visible at neutron
energies of 4.98 meV and 3.74 meV, corresponding to the
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FIG. 5. (color online) Transmission monitor signals (left axis)
for empty (triangles) and hydrogen-filled (squares) aluminum
target vessel. Dips in the spectra are at the aluminum Bragg
edges. Transmission ratio (right axis, diamonds) depicts no
transmission for energies above 14.5 meV spin-flip transition.
aluminum (200) and (111) Bragg planes [44], respectively.
The time of flight of the Bragg edges for the normaliza-
tion monitor is used to determine the distance from the
moderator and to convert each time of flight bin to neu-
tron energy. The uncertainty in time due to these Bragg
edges is 0.16 ms, which determines the uncertainty in
the normalization monitor position. The target-full spec-
trum indicates no measurable neutron flux for energies
above 14.5 meV (Fig. 5). This is the minimum energy
necessary for the J = 0→ 1 spin-flip transition, meaning
neutrons with energies above this threshold are scattered
out of the beam rather than transmitted through the
target. The data also contain a 240 Hz noise component
with an amplitude of a few millivolts. The amplitude
is diminished by averaging pulses over the measurement
period and is only visible for small signals. The transmis-
sion monitor signals at long wavelengths are fit to a sinu-
soidal function corresponding to the 240 Hz noise. The
sinusoidal function is subtracted before extracting the
transmission. After correcting for the pedestal, 240 Hz
noise, and moderator spectrum, the final corrected trans-
mission (Fig. 5) is given by
T (λ) =
Strans,full(λ)
Strans,empty(λ)
Snorm,empty(λ)
Snorm,full(λ)
gnorm
gtrans
, (1)
where the S values are monitor signals and g are monitor
gain adjustment factors.
The contamination of the transmission signal by non-
forward small angle neutron scattering in our geometry
was estimated to be less than 0.1% in MCNPX [45] us-
ing the ENDF-VII thermal cross sections [33]. The total
cross section can then be written as:
σtotal(λ) =
− log[T (λ)]
nl
(2)
5TABLE I. Main uncertainties in the total cross section at
1.92 meV
Source Uncertainty
Neutrons 0.02%
Time of Flight 0.61%
Monitor Gains 0.06%
Monitor Linearity 0.12%
Target Length 0.007%
Liquid Density Fit 0.5%
Temperature 0.71%
Total 1.07%
= σabs(λ) + σscatter(λ)
= σabs(λ) + f × σpara + (1 − f)σortho,
where n is the number density, l is the hydrogen
length, f is the parahydrogen fraction, σabs = 0.3326±
0.0007 barns at 2200m/s [34], σscatter is the total scat-
tering cross section, σortho is the orthohydrogen scatter-
ing cross section, and σpara is the parahydrogen scatter-
ing cross section.
The diode temperature sensors have an accuracy of
0.5 K and upward drift due to radiation damage is not
worse than 0.3 K, providing a total uncertainty on the
temperature of 0.6 K. The density of the liquid hydrogen
in our target is determined from a fit to data compila-
tions of the density of liquid hydrogen as a function of
temperature from many sources [46][47][48]. The trans-
mission data include several instrumental effects such as
the monitor efficiency, the monitor dead layer, and moni-
tor linearity. These effects all cancel in equation 1 as long
as the monitors and preamplifiers are linear and the alu-
minum components of the experiment were maintained at
the same temperature. The linearity of the transmission
monitor was determined from a scan of the bias volt-
age in order to reduce volume recombination effects in
the chambers, with a resulting uncertainty of 0.15% for
each monitor. Controlled current injection was used to
measure the linearity of preamplifiers and the gain shift,
which are 0.01% and 0.1% respectively.
We have determined the total cross section for liq-
uid hydrogen at 15.6 K from approximately 0.43 meV
to 16.1 meV with an uncertainty of approximately 1%,
or 0.02 barn/atom over the majority of the measurement
range (Fig. 6). Because the absorption cross section is
well known, we are also able to determine a measure-
ment band for the parahydrogen scattering cross sec-
tion at these energies. This measurement band is much
smaller than the values previously reported in the liter-
ature (Fig. 7) [31][32][27], with the Seiffert cross section
predicting a transmission for our apparatus that is 2%
less than was measured at the lowest energies. Further-
more, we can set an upper limit on the orthohydrogen
concentration in our apparatus by attributing all of the
scattering at 0.8 meV to orthohydrogen, which results
in an upper limit on the orthohydrogen concentration
of 0.0015 using the ENDF-VII orthohydrogen cross sec-
tion. At the lowest energies, we cannot distinguish the
parahydrogen cross section from zero, however, we can
put a band on the parahydrogen cross section at higher
energies. The central value corresponds to the parahy-
drogen concentration given thermodynamic equilibrium
in the OPC, 0.99985. The upper error bar on this cen-
tral value is determined by the uncertainties presented
in table I and is dominated by the temperature and the
time of flight. The lower error bar is determined by the
orthohydrogen upper limit and is determined by the or-
thohydrogen cross section from ENDF-VII scaled by a
factor of 0.0015.
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FIG. 6. (color online) Total cross section from this work in
barns/atom (triangles), parahydrogen scattering cross section
(squares). The upper error bar on the parahydrogen cross
section comes from table I and the lower error bar is given by
the upper limit on the orthohydrogen contamination.
The measurement of the parahydrogen scattering cross
section is very sensitive to the orthohydrogen fraction
in the target volume because the orthohydrogen cross
section is approximately a factor of 50 greater than for
parahydrogen. The parahydrogen scattering cross sec-
tion from this work along with the Seiffert [31] data
and the ENDF-VII parahydrogen kernel evaluated at
20 K [33] are compared in Fig. 7. The significant dif-
ference in magnitude suggests the presence of unac-
counted for orthohydrogen contamination in previous ex-
periments. Subtraction of an admixture of 0.5% orthohy-
drogen from Seiffert data brings both results into agree-
ment.
The Squires measurement [32] was performed using a
gas mixture with a parahydrogen concentration of 0.9979,
which was independently measured using thermal con-
ductivity. The Seiffert [31] and Celli [27] measurements
were both performed using liquid hydrogen in the pres-
ence of a catalyst; however, neither experiment indepen-
dently determined the orthohydrogen concentration but
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FIG. 7. (color online) The scattering cross section extracted
in this work (triangles), Squires [32] (diamonds), Celli [27]
(stars, some points omitted), Seiffert [31] (circles), ENDF-VII
(black), and subtraction of a 0.5% admixture of orthohydro-
gen from Seiffert (squares).
rather inferred that it was either negligible, in the case
of Seiffert, or at thermal equilibrium, in the case of Celli.
We therefore treat both the Seiffert and Celli measure-
ments as upper limits. We conclude that our target sys-
tem must have less orthohydrogen contamination than
these previous two measurements because our observed
total cross section is lower. Of these three measurements
in the literature and the measurement in this work, we
believe that our measurement has the lowest orthohydro-
gen contamination and that it provides the most accurate
measurement of the liquid parahydrogen scattering cross
section.
These results have important implications for the
design of slow neutron sources. Recent simulation
work conducted for the European Spallation Source
project [36], indicates increased source intensity from liq-
uid parahydrogen neutron moderators incorporated into
a realistic target-moderator geometry. Measurements at
J-PARC [35] and LANSCE [37] also show that the mod-
erator intensity for neutrons below 14.5 meV are highly
dependent on the ortho/para ratio. Our work shows that
the parahydrogen cross section has been previously over-
estimated throughout the slow neutron regime of interest.
This overestimate reaches a factor of 3 at a neutron en-
ergy of 1 meV. The potential for increased slow neutron
source intensity from liquid parahydrogen moderators is
therefore greater than previously realized and impacts
the optimal geometry of slow neutron moderators. In
order to be able to take full advantage of this potential,
however, it would be necessary to maintain the liquid
in the parahydrogen state in the presence of the intense
radiation environment accompanying an intense neutron
source [49]. Liquid hydrogen target designs which employ
active circulation of the hydrogen through a catalyst cou-
pled with dedicated measurements of the parahydrogen
fraction from a liquid hydrogen moderator operated in
an intense radiation environment are needed to confirm
this potential and demonstrate that it can be realized at
an intense neutron source.
We would like to thank Erik Iverson, Phillip Ferguson,
Kenneth Herwig, and Franz Gallmeier for productive dis-
cussions and encouragement for this experiment as well
as Michael Mendenhall for thoughtful observations. We
also thank the management and staff of the Spallation
Neutron Source for adapting our measurement to the
busy beam delivery schedule. We gratefully acknowl-
edge the support of the U.S. Department of Energy Of-
fice of Nuclear Physics (including Grant No. DE-FG02-
03ER41258), the National Science Foundation (including
Grant No. PHY-1068712), PAPIIT-UNAM (Grant No.
IN111913), and the Indiana University Center for Space-
time Symmetries.
∗ kgrammer@vols.utk.edu
[1] M. Boninsegni, Physical Review B 79, 1 (2009).
[2] M. Ross, Reports on Progress in Physics 48, 1 (1985).
[3] R. C. Clay, J. B. McMinis, J. M. McMahon, C. Pier-
leoni, D. M. Ceperley, and M. A. Morales, (2014),
arXiv:1401.7365.
[4] I. Silvera, Reviews of Modern Physics 52, 393 (1980).
[5] J.-L. Li, G.-M. Rignanese, E. Chang, X. Blase, and
S. Louie, Physical Review B 66, 1 (2002).
[6] E. Gregoryanz, A. F. Goncharov, K. Matsuishi, H.-k.
Mao, and R. J. Hemley, Physical Review Letters 90,
175701 (2003).
[7] N. Tahir, H. Juranek, A. Shutov, R. Redmer, A. Pi-
riz, M. Temporal, D. Varentsov, S. Udrea, D. Hoffmann,
C. Deutsch, I. Lomonosov, and V. Fortov, Physical Re-
view B 67, 1 (2003).
[8] R. Redmer, G. Ro¨pke, S. Kuhlbrodt, and H. Reinholz,
Physical Review B 63, 2 (2001).
[9] W. J. Nellis, S. T. Weir, and A. C. Mitchell, Physical
Review B 59, 3434 (1999).
[10] M. Ross, Physical Review B 54, R9589 (1996).
[11] S. Weir, A. Mitchell, and W. Nellis, Physical Review
Letters 76, 1860 (1996).
[12] I. I. Mazin and R. E. Cohen, Physical Review B 52, 8597
(1995).
[13] S. A. Bonev, E. Schwegler, T. Ogitsu, and G. Galli,
Nature 431, 669 (2004), 0410425 [cond-mat].
[14] F. Bermejo, B. F˚ak, S. Bennington, K. Kinugawa,
J. Dawidowski, M. Ferna´ndez-Dı´az, C. Cabrillo, and
R. Ferna´ndez-Perea, Physical Review B 66, 1 (2002).
[15] M. Pavese and G. A. Voth, Chemical Physics Letters 249,
231 (1996).
[16] F. Bermejo, K. Kinugawa, C. Cabrillo, S. Bennington,
B. F˚ak, M. Fernandez-Diaz, P. Verkerk, J. Dawidowski,
and R. Fernandez-Perea, Physical Review Letters 84,
5359 (2000).
[17] F. Bermejo, B. F˚ak, S. Bennington, R. Ferna´ndez-Perea,
C. Cabrillo, J. Dawidowski, M. Ferna´ndez-Diaz, and
P. Verkerk, Physical Review B 60, 15154 (1999).
[18] G. Senger, M. L. Ristig, K. E. Krten, and C. E. Camp-
bell, Physical Review B 33, 7562 (1986).
7[19] G. Senger, M. Ristig, C. Campbell, and J. Clark, “Cor-
related density matrix theory of normal quantum fluids,”
(1992).
[20] T. Lindenau, M. L. Ristig, J. W. Clark, and K. A.
Gernoth, Journal of Low Temperature Physics 129, 143
(2002).
[21] K. A. Gernoth, Annals of Physics 266, 202 (2001).
[22] I. F. Silvera and V. V. Goldman, Journal of Chemical
Physics 69, 4209 (1978).
[23] M. Norman, R. Watts, and U. Buck, The Journal of
Chemical Physics 81, 3500 (1984).
[24] J. Dawidowski, F. Bermejo, M. Ristig, B. F˚ak,
C. Cabrillo, R. Ferna´ndez-Perea, K. Kinugawa, and
J. Campo, Physical Review B 69, 014207 (2004).
[25] M. Zoppi, M. Celli, and A. Soper, Physical Review B
58, 11905 (1998).
[26] M. Zoppi, M. Neumann, and M. Celli, Physical Review
B 65, 092204 (2002).
[27] M. Celli, N. Rhodes, A. K. Soper, and M. Zoppi, Journal
of Physics: Condensed Matter 11, 10229 (1999).
[28] M. Celli, U. Bafile, G. Cuello, F. Formisano, E. Guarini,
R. Magli, M. Neumann, and M. Zoppi, Physical Review
B 71, 014205 (2005).
[29] S. Santra, L. Barro´n Palos, C. Blessinger, J. Bowman,
T. Chupp, S. Covrig, C. Crawford, M. Dabaghyan,
J. Dadras, M. Dawkins, M. Gericke, W. Fox, R. Gillis,
M. Leuschner, B. Lozowski, R. Mahurin, M. Mason,
J. Mei, H. Nann, S. Penttila, A. Salas-Bacci, M. Sharma,
W. Snow, and W. Wilburn, Nuclear Instruments and
Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment
620, 421 (2010).
[30] N. Fomin, G. Greene, R. Allen, V. Cianciolo, C. Craw-
ford, T. Tito, P. Huffman, E. Iverson, R. Mahurin, and
W. Snow, Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detec-
tors and Associated Equipment 773, 45 (2015).
[31] W. D. Seiffert, B. Weckermann, and R. Misenta, Z.
Naturforschung Teil A 25, 967 (1970).
[32] G. L. Squires and A. T. Stewart, Proceedings of the Royal
Society A: Mathematical, Physical and Engineering Sci-
ences 230, 19 (1955).
[33] M. Chadwick, M. Herman, P. Oblo, B. Pritychenko,
et al., Nuclear Data Sheets 112, 2887 (2011).
[34] S. F. Mughabghab, “Atlas of Neutron Resonances, 5-th
ed,” (2006).
[35] T. Kai, M. Harada, M. Teshigawara, N. Watanabe, and
Y. Ikeda, Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detec-
tors and Associated Equipment 523, 398 (2004).
[36] M. Maga´n, F. Sordo, L. Zanini, S. Terro´n, a. Ghiglino,
F. Mart´ınez, J. de Vicente, R. Vivanco, J. Perlado,
F. Bermejo, F. Mezei, and G. Muhrer, Nuclear In-
struments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated
Equipment 729, 417 (2013).
[37] M. Ooi, T. Ino, G. Muhrer, E. Pitcher, G. Russell, P. Fer-
guson, E. Iverson, D. Freeman, and Y. Kiyanagi, Nuclear
Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated
Equipment 566, 699 (2006).
[38] M. McCrea, Private Communication (2012).
[39] J. Szymanski, J. Bowman, P. Delheij, C. Frankle,
J. Knudson, S. Penttila¨, S. Seestrom, S. Yoo, V. Yuan,
and X. Zhu, Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detec-
tors and Associated Equipment 340, 564 (1994).
[40] A. Engineering, “Artifex Flexible Transimpedance Am-
plifier,” (2010).
[41] D. M. Dennison, Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences 115,
483 (1927).
[42] U. Sigma-Aldridge Corp., 3050 Spruce Street, St. Louis,
MO 63103, “Product Number 371254-250G.”.
[43] L. Barro´n-Palos, R. Alarcon, S. Balascuta, C. Blessinger,
J. Bowman, T. Chupp, S. Covrig, C. Crawford,
M. Dabaghyan, J. Dadras, M. Dawkins, W. Fox, M. Ger-
icke, R. Gillis, B. Lauss, M. Leuschner, B. Lozowski,
R. Mahurin, M. Mason, J. Mei, H. Nann, S. Pent-
tila¨, W. Ramsay, A. Salas-Bacci, S. Santra, P.-N. Seo,
M. Sharma, T. Smith, W. Snow, W. Wilburn, and
V. Yuan, Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detec-
tors and Associated Equipment 659, 579 (2011).
[44] R. Wyckoff, Crystal structures (1963).
[45] D. B. Pelowitz, “MCNPX User’s Manual,” (2011).
[46] J. W. Leachman, R. T. Jacobsen, S. G. Penoncello, and
E. W. Lemmon, Journal of Physical and Chemical Ref-
erence Data 38, 721 (2009).
[47] P. Souers, Hydrogen properties for fusion energy (1986).
[48] R. D. McCarty, J. Hord, and H. M. Roder, Selected
properties of hydrogen (engineering design data), Tech.
Rep. NBS 168 (Center for Chemical Engineering, Na-
tional Engineering Laboratory, National Bureau of Stan-
dards, Boulder, CO, 1981).
[49] E. Iverson and J. Carpenter, in ICANS-XVI, Proceedings
of the International Collaboration on Advanced Neutron
Sources, Neuss, Germany , edited by H. Conrad (2003)
pp. 707–718.
